Abstract Time-resolved 31-phosphorus nuclear magnetic resonance spectroscopy ( 31 P-MRS) of the biceps femoris muscles was performed during exercise and recovery in six healthy sedentary male subjects (maximal oxygen uptake; 46.6Ϯ1.7 (SEM) ml · kg Ϫ1 · min Ϫ1 ), 5 male sprinters (56.2Ϯ2.5), and 5 male long-distance runners (73.6Ϯ2.2). Each performed 4 min of knee flexion exercises at absolute values of 1.63 W and 4.90 W, followed by 5 min of recovery in a prone position in a 2.1 T superconducting magnet with a 67 cm bore.
Introduction
It is well documented that during states of increased adenosine triphosphate (ATP) hydrolysis, such as muscular exercise, phosphocreatine (PCr) hydrolysis is controlled by myosin adenosine triphosphatase (ATPase) and sarcomere creatine kinase, and its resynthesis is controlled by aerobic metabolism and mitochondrial oxidative phosphorylation (Mizuno et al., 1994) . Consequently, a continuous and highly time-resolved, kinetic evaluation of high energy phosphorus compounds in human muscle during exercise was determined by 31-phosphorus nuclear magnetic resonance spectroscopy ( 31 P-MRS) (Binzoni et al., 1992; Kiessling et al., 1971; Kushmerick and Meyer, 1985; Meyer 1988; Mizuno et al., 1994; Mole et al., 1985; Yoshida and Watari, 1994; Yoshida and Watari, 1997; Yoshida et al., 1996) . During exercise, however, both anaerobic and aerobic pathways are activated, making it difficult to measure the ATP production resulting from the more complex pathways of PCr hydrolysis, glycolysis, and oxidative phosphorylation (Gollnick and Hermansen, 1973; Henriksson, 1977; Holloszy, 1973; Saltin and Gollnick, 1983) . During recovery, however, the aerobic pathway dominates and ATP production may be easier to analyze because ATP production may arise from PCr resynthesis controlled by aerobic metabolism and mitochondrial oxidative phosphorylation. It is apparent that longdistance runners have a greater oxidative capacity as indicated by maximal oxygen uptake, oxidative enzyme activities, capillary density in muscle, and mitochondrial density compared to those of other subject groups (Gollnick and Hermansen, 1973; Henriksson, 1977; Holloszy, 1973; Saltin and Gollnick, 1983) . We hypothesize, therefore, that the PCr recovery rate (kinetics) in longdistance runners would be faster than that in sprinters or control subjects. However, there have been few studies (Constable et al., 1987; Clark et al., 1988; Dudley and Terjung, 1985) of PCr kinetics during and after dynamic
The Rate of Phosphocreatine Hydrolysis and Resynthesis in Exercising Muscle in Humans using 31 Takayoshi Yoshida leg exercise in such athletes. Therefore, the present study compared PCr metabolism in different groups (longdistance runner, sprinters, and control) at the same absolute work intensity using 31 P-MRS to measure PCr, Pi, ATP and pH in human muscle with a high time resolution.
P-MRS

Methods and materials
Subjects
Six healthy young sedentary male subjects, 5 male sprinters, and 5 male long-distance runners, participated in the study (Table 1 ). The athletes had been in training for at least the prior 4 years and were successful in national junior competitions. None of the sedentary subjects took part in any form of competitive activities or supervised training. The approval of the University's Human Ethics Committee and the written consent of each subject were obtained.
Exercise Procedures
A specially designed wooden ergometer, was used for the exercise in the magnet, as schematized in Fig. 1 .
Each subject performed a series of rest-exerciserecovery transitions. The exercise was knee flexion for 4 min, followed by 5 min of recovery. The work rate was determined by the weight lifted: the flexion rate (50 times per minute, cued by metronome) and the vertical displacement of the weight. The work rates used in the present study were 10 and 30 kgm · min Ϫ1 (i.e., 1.63 and 4.90 W) corresponding to moderate and heavy exercise intensities, i.e., 18-23% and 54-70% of the maximal attained during a progressive incremental exercise test. 31 
Acquisition of
P-MRS data
The 31 P-MRS spectra were accumulated using a 67-cm bore 2.1-Tesla super conducting magnet (Hitachi, R90H, MRI/MRS, Japan) and a spectrometer (EX90, JEOL, Japan). Detailed explanations of data sampling have been published elsewhere (Yoshida and Watari, 1994; Yoshida and Watari, 1997; Yoshida et al., 1996) . The whole body of each prone subject was inserted into the bore of the magnet. An 8-cm diameter surface coil probe was placed 248 Phosphorus Metabolite Kinetics in Long-distance Runners, Sprinters and Control Subjects Fig. 1 An illustrated scheme for an exercise position using a wooden exercise ergometer. on the center of the biceps femoris muscles of left thigh. The lever of the ergometer was then connected to the leg (Fig. 1) . In this configulation, the 31 P-MRS signal was primarily from the knee flexor muscles.
After the subject was placed in the magnet, the magnetic field was homogenated as much as possible by 'shim coil' using a proton signal. The 31 P-MRS signals data were collected with an optimal pulse width (45 ms) at a pulse rate of one every 0.4 s throughout the experiment. To improve the signal-to-noise ratio, each spectrum consisted of an average of 32 scans obtained over 12.8 s (Fig. 2) . Several seconds were required to store the acquired data, making the minimal time resolution of the protocol of 20 s. Even if the relaxation time of the observed signals is known precisely, the extent of signal saturation at short pulse intervals for any muscle volume can only be determined empirically. Because of the long relaxation time for PCr, 31 P-MRS data could not be obtained more frequently than once per minute during exercise. For high time resolution of 31 P-MRS, we used a pulse interval of 0.4 s. A comparison of 31 P-MRS data between longer (20.0 s) and shorter (0.4 s) time intervals showed no significant difference in the spectral for the free induction decay (FID). Before Fourier transformation, the FID data were zero filled to enhance resolution and multiplied by a 5 Hz exponential line function to improve the signal-to-noise ratio.
Data analysis
The relative areas under the Pi and PCr peaks of the spectrum were determined by integration. Intramuscular pH was determined using the chemical shift of Pi relative to PCr according to the following Henderson-Hasselbalch equation (Gardian et al., 1982) :
where a is the chemical shift from Pi to PCr.
Model fitting procedure
To determine the rate of change in energy rich phosphorus metabolites, first-order kinetics were fit for the Pi and PCr data at the off-transient. We employed the best fit procedure using a computerized, non-linear, least squares fitting routine as described by Yoshida and Whipp (1994) . The following equation was used:
where G(0) is the baseline value, G(1) is the difference between the baseline and the steady state, TD is the time delay and t is the time constant, reflecting the rate of change.
Statistical analysis
Results are expressed as meanϮSEM. Analysis of variance (ANOVA) was used to evaluate intragroup differences at the off-transient. The post-hoc Scheffe test was used to specify the difference. A probability level of 0.05 was accepted as significant.
Results
The time course of PCr during sedentary subjects, sprinters, and long-distance runners
The time-serial changes of the 31 P-NMR spectra during the moderate and heavy intensity protocol in the representative subject are shown in Fig. 2 . Figure 3 indicates the relative changes in PCr during two kinds of rest-exercise-recovery transitions in sedentary subjects, sprinters, and long-distance runners. At the onset of exercise, the relative PCr level decreased exponentially with no significant delay. During moderate exercise, PCr decreased to 39.0Ϯ7.8%, 44.6Ϯ1.5%, and 54.6Ϯ6.2% of the pre-exercise control values in sedentary subjects, sprinters, and long-distance runners, respectively. During heavy exercise, PCr decreased more appreciably, to 23.6Ϯ3.7%, 23.4Ϯ4.9%, and 32.3Ϯ3.5% in sedentary subjects, sprinters, and long-distance runners, respectively. The decrease in PCr was significantly less in long-distance runners compared to that in sedentary subjects (PϽ0.05). During recovery, the PCr level increased exponentially (Fig. 3) . The PCr level during recovery was significantly different between long-distance runners and sedentary subjects (PϽ0.05) for mild as well as for heavy exercise. Model fitting data showed that there was a significantly faster PCr recovery rate (i.e., time constant) in longdistance runners (PϽ0.05) than in the other groups ( Table 2 ).
The time course of Pi during exercise and recovery
The time course of Pi during exercise and recovery is Fig. 4 . At the onset of exercise, Pi increased exponentially in all groups. During recovery, the Pi decrement rate was faster in sprinters and long-distance runners than in sedentary subjects (PϽ0.05). The heavier the exercise intensity, the slower the rate of Pi recovery observed in sedentary subjects (Table 2 ). However, this was not the case for the sprinters and long-distance runners. During recovery the exponential decline in Pi was to a baseline lower than the pre-exercise level in all cases except for the heavy exercise in the control subjects. Figure 5 illustrates the time courses for intramuscular pH during exercise and recovery for both moderate and heavy exercise. There was a rapid and transient alkalosis in the intracellular pH at the onset of exercise. Thereafter, the intracellular pH followed a progressive acidification. During recovery, the intracellular pH initially remained at the level of acidification attained or became even lower transiently during the recovery phase. Thereafter, the intracellular pH recovered gradually towards the preexercise level. During mild exercise and subsequent recovery, pH values in sprinters and in long-distance runners were often significantly less acidic than those in sedentary subjects (PϽ0.05).
The determination of pH during exercise and recovery
The time course of the Pi:PCr ratio during exercise and recovery
Means and SEM data for the time course of Pi:PCr ratio during the exercise and recovery in the sedentary subjects, the sprinters, and the long-distance runners are demonstrated in Fig. 6 . The Pi:PCr ratio attained during exercise was significant smaller in sprinters and longdistance runners than in sedentary subjects (PϽ0.05).
There was no significantly difference in the time-serial change in Pi : PCr kinetics after exercise between sprinters and the long-distance runners, while the sedentary subjects had apparently a slower kinetics.
Discussion
The major findings in the present study are: 1) at a given exercise intensity, the PCr level in long-distance runners was significantly higher than that in sedentary subjects (Fig. 3) , and 2) during recovery, PCr and Pi kinetics were significantly faster in long-distance runners than in sedentary subjects (Figs. 2 and 3 , Table 2 ). The data from sprinters, however, did not differ significantly from those obtained from long-distance runners. When exercise continues, ATP is hydrolyzed and the concentrations of PCr decrease, thus increasing the Pi concentrations (Gollnick and Hermansen, 1973; Henriksson, 1977; Kushmerick and Meyer, 1985; Mahler, 1985; Meyer, 1988; Mizuno et al., 1994) . Since PCr and creatine are linked to ATP and ADP by the creatine phosphokinase reaction as if ATP concentration did not change throughout the exercise period, PCr continues to decline instead and is maintained at a steady-state concentration: Pi increases concomitantly (Kushmerick and Meyer, 1985; Mahler, 1985; Meyer, 1988; Mole et al., 1985; Yoshida and Watari, 1994; Yoshida and Watari, 1997; Yoshida et al., 1996) . It has been reported (Constable et al., 1987; Clark et al., 1988; Dudley and Terjung, 1985) that with greater oxidative capacity such as that in a long-distance runner or a person with endurance-trained muscles, PCr concentrations decrease less and Pi increases less. Clark et al. (1988) reported that chronic electric stimulation of the latissimus dorsi muscles in dogs induced a decrease in the PCr level during stimulation to a level significantly lower than that in control muscles, suggesting that the conditioned muscle's markedly enhanced resistance to fatigue is in part the result of its increased capacity for oxidative phosphorylation. Furthermore, Contstable et al. (1987) and Dudley and Terjung (1985) reported that PCr decrease and Pi increase during muscle contractions were less in endurance-trained rats than in control rats even at the same rate of oxygen uptake. Constable et al. (1987) proposed that such kind of training effect was mainly due to the adaptive increase in muscle mitochondria. Endurance training induces an increase in muscle mitochondria and greater ATP generation from the oxidative phosphorylation pathway in animals (Gollnick and Hermansen, 1973) . Cross-sectional studies in human subjects indicate that long-distance runners have greater oxidative capacity, including higher maximal oxygen uptake, oxidative enzyme activities, capillary density, and mitochondrial density in muscle than other subject groups (Gollnick and Hermansen, 1973; Henriksson, 1977; Rossiter et al., 2000) . In endurance-trained subjects, the ATP supplement for a given submaximal exercise might result from the low changes in metabolites, especially free ADP, in other words, the mitochondrial oxidative phosphorylation (Hochachka and Matheson, 1992) . It is, therefore, reasonable to expect that the PCr reduction during exercise is significantly smaller in long-distance runners than in other groups. After exercise, the PCr level in long-distance runners was significantly higher (Fig. 3) and the Pi level was significantly lower than in normal subjects (Fig. 4) . In particular, in long-distance runners, the Pi quickly returned to the pre-exercise level and then a Pi value below the pre-exercise level (undershoot of Pi during recovery) was observed for approximately 60 seconds of the recovery period after both mild and heavy exercises. In sedentary subjects, Pi level was below the pre-exercise level after mild exercise as observed in long-distance runners, while after heavier exercise, the Pi values did not return to the pre-exercise level after 5 min of recovery and the undershoot of Pi became less pronounced after 252 Phosphorus Metabolite Kinetics in Long-distance Runners, Sprinters and Control Subjects heavier exercise (Fig. 4) . Although there is no clear explanation for the Pi recovery profile following the exercise, a possible explanation is that the higher oxidative capacity in long-distance runners contributes to more efficient PCr resynthesis via the oxidative phosphorylation pathway.
Since it has been documented that PCr resynthesis is regulated mainly by aerobic metabolism and mitochondrial creatine kinase, it is rational to consider that the PCr kinetics in long-distance runners are faster than those in other groups, because long-distance runners have a larger proportion of slow twitch oxidative fibers, richer capillary and mitochondrial densities, higher intramuscular oxidative enzyme activity, a faster rate of intramuscular oxygen utilization (Gollnick and Hermansen, 1973; Henriksson, 1977) and a significantly greater maximal oxygen uptake than other groups (Table 1) . The results obtained in the present study are consistent with data from Tesch et al. (1989) , who reported that PCr recovery was faster in slow twitch fiber fragments than in fast twitch fragments, when pooled human muscle fiber fragments were examined following biopsy, suggesting that the rate of PCr resynthesis during recovery is greater in ST fibers. Unfortunately, due to the lower time resolution of biopsy technique, recovery data were obtained only at 90 s after strenuous intermittent exercise.
The time-resolved 31 P-MRS study used in the present study has led to a more detailed study of the time course or phosphorus kinetics during exercise and recovery. Previously, Cr kinetics at the onset of exercise were determined by high-resolution 31 P-MRS and the time constant was approximately 30 s (Mole et al., 1985; Yoshida and Watari, 1994; Yoshida and Watari, 1997; Yoshida et al, 1996) regardless of exercise intensity in vivo human skeletal muscle. However, during exercise both anaerobic and aerobic pathways are activated, and ATP production is difficult to measure. Rather, the recovery phase after exercise is simpler to assess because the aerobic pathway dominates, and ATP production might be obtained from PCr resynthesis. In the present study, the model fitting analysis for phosphorus kinetics after exercise showed the significantly faster Pi and PCr time constants in long-distance runners than in sedentary subjects (PϽ0.05), regardless of the absolute exercise intensity (Table 2 ). In the previous studies Rossiter et al., 2002; Yoshida and Watari, 1994; Yoshida and Watari, 1997; Yoshida et al., 1996) , it was shown that the PCr kinetics at the onset and cessation of exercise is indeed independent of the exercise intensity. Subsequently, the faster PCr kinetics in long-distance runners might be attributed from their greater oxidative capacity, but not the result from the different relative work rates in different subjects.
Another merit of the continuous determination of a time-resolved 31 P-MRS study is the ability to measure intramuscular pH noninvasively during exercise and recovery. Based on the chemical shift between the Pi peak and PCr peak on 31 P-MRS, the intracellular pH value can be calculated throughout the rest-exercise transition (Meyer, 1988) . In human skeletal muscle during exercise and recovery, long-distance runners and sprinters showed significantly less acidification than in sedentary subjects (Fig. 5) . We chose two absolute exercise intensities. The oxygen uptake or ATP production in the muscle at a given exercise intensity might be the same in spite of the groups (Gollnick and Hermansen, 1973) . As described above, in long-distance runners ATP production might be more predominantly derived from oxidative phosphorylation, with the lower level of acidification noted in long-distance runners at a given exercise intensity as a consequent result. It seemed reasonable to speculate that endurance trained muscle might develop improved mitochondrial oxidative activity, which in turn could delay glycolysis. When ATP and PCr concentrations are high in the muscle cell, the activity of phosphofructokinase (PFK) might be inhibited (Gollnick and Hermansen, 1973) . Since the PFK is known as the rate-limiting enzyme in glycolysis, lactate production via glycolysis might be inhibited in longdistance runners while ATP production from oxidative phosphorylation might be enhanced. In sedentary subjects, greater hydrogen ion concentration from lactate via glycolysis might induce more acidification in muscles during exercise, because aerobic metabolism in sedentary subjects might be considerably lower than that in longdistance runners.
During exercise, the Pi : PCr ratio increased linearly, rather exponentially over time. To our knowledge, relatively little attention has been paid to rapid change in the Pi : PCr ratio, except for the paper by Laurent et al. (1992) . They observed that the Pi : PCr ratio stabilized after the first 3 min of exercise, with a half-time of about 57 s. Mathematical models are often used to compare physiological responses under various conditions. Exponential functions are generally used to evaluate kinetic responses to step changes in work rate. Since the half-time is related to the time constant, the time constant of the change in the Pi:PCr ratio was calculated and was found to be about 87 s. This means that in the present study Pi : PCr ratio was changing linearly rather than monoexponentially within 2 min of the onset of exercise. In contrast, during the recovery period the Pi : PCr ratio decreased exponentially and the rate of decrease was greater than that of PCr or of Pi. The Pi : PCr ratio may be an indicator of adenosine dephosphate (ADP) in the myocyte (Chance et al., 1989) . If ADP regulates cellular respiration, the rapid decrease in the Pi : PCr ratio during the recovery period means that the rate of mitochondrial activity increased, or that muscle blood supply was more than enough to meet muscle oxygen demand. Further studies are needed to clarify mechanism(s) why the Pi:PCr ratio after the onset of exercises shows linear-like elevation pattern, not exponentially curve-like ones as seen in recovery phase.
Pi : PCr ratio has been seen as an index of the state of intracelluar oxidative phosphorylation (Chance et al., 1989) . During moderate exercise, at which metabolic steady state has been attained, an increase in Pi : PCr ratio is correlated with an increase in ADP. According to Chance et al. (1989) , regulation of phosphorylation is analyzed in terms of enzyme kinetics as a function of substrate concentrations with a sufficient oxygen supply. It is considered that ADP is a regulator and is suggested to be proportional to the Pi : PCr ratio. However, from enzyme kinetics there is no information on anaerobic glycolytic reactions. The ratio has been used as an estimate of phosphorylation potential (Chance et al., 1989) . Pi : PCr ratio seems seen to increase more promptly during exercise with the circulation occluded than with the spontaneous circulation so it would be due to a reduced or no oxygen availability.
In conclusion, the greater maximal oxygen uptake and oxidative capacity in long-distance runners is attributable to PCr and Pi levels during exercise and PCr and Pi kinetics after exercise.
